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On-1 hard l’c:rccq)tlion  Systmm  For
l’lanc:t,ary A crobot 1 lalloon Navigation

N A S A ’ S  Jet  l’Iq)ulsioII l,al Jc)IatoIy  is i]ll])lc]nc]lti]l~,  tlIC l’l(I?Ict(Ipij Acwlwt  7k$ikd  to dc-
VC1OI)  tll(I t(!clIII()]()gy  II(I(xl(:d  to (qmate a mlmtic  IWIIIOOII am)- wl]iclc (Amol.mt). ‘1’llis  caItlI - Imwl
syst,cIII wollld bc t,]~e ])IXXUIWI  f(w amobot,s”  (I(:sjgli(:{l  1() cx])loIe  \~cIIus, il!ars, ‘J’it, all and ot,]lel
~,ascoNs ])lalIctaIy I)odics. ‘~’lIe olI-bead I)mcc])tioll  systcl]l  allows tlIc acml)ot  to localize  itself  alI(l

lla~’i:,atc 011 a ])lallctj  usi]]~,  illfo]]]]atio]l”  (lwiv(d  fro)]} a variety of (x:lcst  ial,  i])(~]ti al, ~,]oll]](l-i]i]ap,il]~,,
r:lll~,i]l~,,  aIId ladio]}}ot,lic  Wllwl’s. ‘1’llis  ])ilJ)(’1’  discusses tlIc various srIlsi)j~,  ]I]odalit,ics  a~wilal)le to
tll(> a(mll~ot,  tllc’ir  a])])lic.al)ility  to difi”mcmt  ])la]lcta]y ]I]issio]ls,  alI(l tllc ollt]i]lc  of a ])c]cc])tio]l  stlat-
(::,y suitahk  for wlIok-])lalIct  amwlmt o])(’]ati(n]. ‘1’lIc i]]l])l(’]]lc]ltatio]t  of alI i]iitial  scIIsoI suik for
tile l’la II(~taIy Acml)ot  ‘1’kstld  is disc. ussd,  illclu(li]]r,  i]l(~]tial  SCIISOIS  fo] attitu(lcj  :Ittit(l{l(-]ate  aIId
l;itrl’al  Itlotiol]  Csti]llatio]l,  all(l a p,M)u]Id  illlilgi]l~, syst(’111  for g,loll]l(l-t]a(k  velocity Csti]liatio]l.  G1’S
alt(] ]tla~,]lcti(”  (wlill)ass data aw  lISd to obt ail] gl]r)ll]](l-tll]t}l  i]]for]l]atio]l”  ()]I syst(:  III I)c]fo]”]na]lce.

MaIIagd  fo] tlIC Natiwial Awo]lautim  aIId S]mw A(l]]li]list]:itio]l  ( N A S A )  by III(I  (;alifor]lia
IIlstitutc of ‘J] CClIIIOlOp,y, IIIC Jd I’ro])ulsioII l,almIaIoIy (J]’],) is tlIcI  ]m(l 11.S. CCIIW for ~lIc

ulIIIIalIIId  (:x]  )lo]atlioll  o f  tJIc solar systlmn. J 1‘1 # s]mcsx]aft  lIav(:  visit(:d  all of tlIc kIIOWII
])lallcts cxcc])t  1 ‘ l u t e ,  aIId a IIu]IIl)cw of otlIcl  ])laIIMary  ]Ilissiol]  s]mmoaft  ale u]Id(}r d(lv(:l-
o]) III(vIt. ‘J1lICSC  il}cludc t h e  Cassilli Sat,ur]l orl~itm wit]) its ‘1’itaII ])IwIw, tlIe Miars Survcym
orl)itler,  a]Id tlIc Ma]’s 1  ‘atl]fi]ld(:]  lal Id Cl-  U’it]l its Sc)jouI  IICl Imwl.

1  ‘Iallctary  cx]doratiol] lIas cvdvd frmll mcoII ltaissal)ce  IIiissiolls usill:, “fly ly” s]mco
craft,,  to s u r v e y  II]issi(nls  il]volvilt~,  o]l)it(w  aJId IIoll-ll)ol)ilc vel]idm  SU(:l  I as lal IdcIx aIId
])ro)ws ‘J’ltc f u t u r e  m’dutiml is towards ill-situ dclai]ed Cx]do]atio])  usi]tf, ]nol)ile  vclliclcs
SIICII as rovers aIId acyia] vclliclcs. Awol)ots  - aerial ])lat,forll)s  wit]] sol)llist,i(::lt,(>cl  tdcmlmt,ics
ca]ml)ilitics  - ]mwidc s]mcc sciclltlistls WitllI a  ])owcrfu] II(IM ex])lmatioll  ca]ml)ility.  ‘1’lIcIy
(:iIII o]matc II IUCII clew to tJIc SUI face tltall orlhitm  tli(wly m]al)lillp, iln] )I(WCI(l illstn]]llmt
wdutio]l  fo] ill]ap,i]]~  aIId s])(:(:t]c)s(:c)])y. Auolmts CaII a l s o  lbc usd to dcl)loy ~tli~liaturc
illstrultjcl)t  ]mckagcs ill tJIIC forln o f  s u r f a c e  ])rol )Cs at, s]xwifid  locatiol]s,  m i]) ICS1)OIISC to
illtmstlill[:  scjmlcc data Iwdillgs  fro){)  011-  l)oad  i]lst]u]llcl]tls.

‘-1’lItI ])lillci]ml aerolmt lllo}.)ilit~~ lllcdlallisll~ fol ])laIIct,aI~~ cx])lorat,ioll is by wsjllp, l M l -
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loolIs. lkllooIIs IIavc tJIIe adva~]tag,c  of rcquiril]p,  little or 110 oII-}mard  cIIcrp,y for their o]m
atioll as t] Icy arc carr ied a]oII/,  lry ])la IIcta  Iy wil}ds. III additioli to mw-fly’illp, scimlcc  siks,
tlIcy cal I l)c cmIll IIal Idd 10 duw’]Id fo] la]ldi]l~,s  a t  dwir(d locatio]ls. Acl’ol )otis also ] I :\\/(,
loII/,cI raIIgc IIlobility WIICII  coIr Ilmrcd to Iovm, , 2111(1 Call il((’(%S  ])lall(!tl:ll’j’ locat)iolls  Ill?lt COll]d
1)(I difficult fo] mvcr o])cralio]ls. lII(lc.cd, fo] ccltaill  llostilc Cli\Jilo]lIllclits  l ike tlte su]facc  of
VCIIUS, amol)ots rc])r(:s(mt  tlte ()]Ily vial)]c lIICaIIS of cxtcllsivc  surface cx])]oratioll.  ]{qwatd
dwxmlt aIId la]ldil)p,  ()])matji()])s  011 tl)c ]}ot suIfacr  aw mIly ]mssil )Ic if tllcy  are fo]lowcd lry a
r(’-ils(:c]]t to lligllcr, coolm altlitud(!s.

‘J’l Ic ill)]mrtallcc  of acmlmts  fo] ])lallctal j’ m])]olatioll  lIas 1 JCCOIIIC widely rwogllixcd
I)y tlI(~ s(:i(mce co]t]]l)u~]ity  aIId t}Iq~ aI(I stm])p,lj~  rc])I cso]tcd  ill t}lc h!issio]l  to tlI(I %lar Sys-
tc]ll l{oa(] hla]) (:()]]]]]lissic)]lc{l  carlim tl]is yca I l)~r N A S A ,  wit 1] i]lclmio]l of acrolmt ]I)issio]ls
to VCJIUS, h~am aIId ‘1’its]]. A l’la]iet,ary  ACI olmI  ‘1 {st l)d (1 ‘A’J’) ])mgYaIII  lIas IKWII illit iatcd
ilt .11 ‘1, to devclol) aIId (lclllollstliit(” ill aII caI t]] (:11~’ilol]lll(’llt, tllc tclcmlmtics  tdlllo]ogics
IImxsary to cmlduct colll])lcllcllsil’c  sc ient i f ic  illvw+tigatlio]ts of VmIus alId h4a1s  usill?, acr-
olmt,s.  ‘J’l Ic first fli~:llt of IIIC I’A’I’ s-ystcl[) is CIIII cIItl-y sc]iduld fo]” IIIC 11’all  of 1996, wit]l tllc
t(’(:ll]]olc)p,i(:s to lw tjrallsfcrd i]] ti]l]c to c]Ial)lc cltlerp,i]lp,  (2001 -2[)05) l[lissiol)  (J])])c)ltllllitics
to M131’S 2111(]  \~(’JlllS.

‘ J  klll)olo~,ics  SUCII a s  ]I)almials,  tl)(:r]l]al, ]) OW(:I, (:OIl)]]]ll]li( ::itic)]l, aII(l systc]l]s arc
oln’ioudy illl]mrtallt,  fol’ amo])ol o]mat,imls  aIId fm’ltl ]mrt o f  aII ovua]l  amo]mt ])m~,raltl
activity [1, 2, 3], I)ut lImI w focus 011 tile tjclcml.mtlics tflccll~lolop,ics  IIccdcd  witl] tllc cIlll)llasis
])cill$, 011 011- l)oad ]w]ccl)tio]]. WC 1 )cgill lW l)ricfly outlillil)g tfccll]lologim  lIcccssaly  f o r
lllol)i]ity, aIId patlI ])lc\clict,ioll/  ])l:\lllli~l F, i]] %ctioll  2. ‘J’llis ))m~~idwi t,l~c cm]tmt witl]ill wllicll
III(’ II:ivigatioll tdll)o]ogics o f  A VlmIOIIIOVLS ,Watc h’<$t7711(IliO71 cal I I)C dismssd ill Scctioll  3.
S])c(ific  i]ll])]e,]l](~llt,:~t,  ic)]l  of’ sd~c,t,~(l  ]~avi~,atio]~  fu]lcti(~]ls  (HI t,lIc l’lall(:taly  Aeml)ot  ‘J’(:stl)d
i s  (Iis(:llssd  ill S(!ctio]] 4 t,op,(!t,]lcr Wit,]l aII all out]i]le  of oul ])lal Is for fl]tul(’  IWII;.

2  KCy ‘l’(?lc?robc)i)ic m?chnologicx

‘J’IIc ]aI:,e-scale, dyllalllic, will d-drjvml  I[lotiolls of  a \~cIIus or M am acrolmt$ ])rvx:ludcs tl)c
])ossil)ilit,y o f  ]I]issio]l o])crat,io]ls i]] wl]idl  a  ]I]issio]l  (x)lIIIIIfiIld  W js U])-ljlllid  lmsd 011
a ])wviou,  s day’s i]lla~,my l’ct!lll’lld fl’[nl) tllc Syst(!ll) Sci(:]jce  t,al~,ct Sit(’s am ulllilcdy  to
1)(J w visitc(l  duriltg a lnissjml alId Ilargct)- s]mcific scimlcc o]wratiolls IIlust Iw ]mforllld
w] ICI Icwr tl)c acrol mt fl i cs mm tl I c talp,ct. IIowmw,  I oull(l-tri]) s])d-of-lig,llt cc)]ll]]i~l]li(::ilic)]l
delays, aII(l li]]lit(d  (:oltl]]]l]]li(:atio]l” ()])] )()]tll]]ilj(:s  ])wv(vlt  real- ti]lt(’ cart]  l- l)aw(l co]]tro]”  of tltc
S}, st,(q, ). ll]stca(] tar,gct, ljsts  aw st(nd ()]1-  1 )oad, aII(l as t,l]c Ivi]ld-(lril’c]l  amol)ot,  al)j)Ioa(:lIcs
a s])(wific Ila]p,(:t fro])] tfllc ljst, this cmldjtriolt  I])ust I)e rc(()~,lljzd  l)y 011 - l)oaId aut,ol)olllous
state  cst, illlat, ioll$ aIId scjm)cc  act iv i t ies  dcsi~)llfitjd for that tlarp,ct  lrlust k ]wrfolltlcd. If
011-  l)(mr~l cOII1,IO1 of ]Ilol)ility  a]Icl ]mt]] ])l:\Ii]l  i]lp,/]  )]c:(li(t,io]l  Ca])al)ilit,i(:s  mist,,  tll~ll  t,l Ic ]jatlls
IIIay I)(I tailoml  to stm tile  a(volmt  towards  tll](’  ta]~,ct, IIlaxil]lixc tllc ovm-fli~,llt o f  tjllc
t)aq:ctj or laIId 011 tlllc tarp,cl.
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2.1 Mobj]jt, y, Alt,it,udc (k)ni,ro] aJId ]anding

1 ly IISiII~, altitude dIaIIp,(: :IS III(I (:( HItI(d lmIaIII(Itt,I, l}all(JoIIs  (; III lltiliw  difl”(’1  cllt wind vwtols
at (Iifl’m’l]t  altitlu(lcs to afl’wt latitlu(lc shifts ali(l 11(111 Iisljll(’w cl Ial Ip,cs. 1 )uri]lp, la]]di]]~,,  coil -
st, ant alt, itlu(l(’  ol)crat,io]is, 01 I(mai]]  avoi(la]lw, (:1 IaIIF,cs  ill l)uoyaIIcy  CaII IKI US(K1 10 (oIIt I(Il
1 )otfl] tjl IC mtc of d(:smIt  as w]] as to ]Ilai]ltail] 0) acl I icw a dcsird a l t i tude.

1 hloy:lll(:y COll{l’d call 1)(’ ]W1’fol’lll(!d  1)-y Ilsi]l{:  Iloll-l’{!l)(!\  \’:\l)l(”  l)allasl Such as  Wolll(]
lx, tltc case for a SLI])CI-])I(:SSIIIC lmll(mII  ()])(vatillp, 011 h~aw. A h~am SII])C~-])ICSSIIIC lmllooII”
M’ollld float at a “collstallt  (Ic))sity’> :Iltlitu(l(’  (:01 m]mll(lill{:  to its avcIH::c  dmlsity.  ‘1 ‘y])ical
float altlitud(’ wou]d  I)(I alIywlImJ fmlII (i to 81<111 a])ove tlie htaIs ]Io]]li]lal WIO lCWII.

llowwr, for ])la]]cts  wit)] at]l]os])l]clic lclII]m  aturc :,radic]lls  like VclIus (al Id ‘l’itlall),
a  IIovcl rcl Iwal.)lc  ]IIcal Is of l)uoydl Icy cmltd is ] )ossil Jc ly clw]x)ratli]l~,  alI(l cmldmlsi]lg ;I
r(wlxil do-fluid [4).  III this l)u(ryalI(:y  (:ol Ic(:])t, IIlost of tllc l)ll(yal](:y is ])l(wi(lwl l)y lII(:al Is

of a ])lililaly  lifting gas sucli as IIdiulll. ‘J’11(1  s(mlI(laly liftill~, fll]id is a Iev(:lsildc f l u i d .
At low altitudes (aIId WWIIIm tcII]])clatlllcs)  tile flllid is i~i a ~,ascous state ])mvi(liIIF, lift.
A s  tll( 1HI1OOII as(wI(ls  to IIi:,llcr altitlldcs  (aIId coolw ton] matu] es) tlIc wvwsildc flui(l
(wII(l(:IIs(x  ])a(:l{ lo a  liqui(] tlll(wlry  causi IIg a  l i f t  (Icficit  Illatl II Iak(:s tjl IC lmllooII (l(w:cJI(l.
‘1 ‘Ilc IIatllral lwllavior of su(:l I a syst(’111  is alt oscillal(w~’ v(’ltli(:a] IIlotioll al )oilt t,lle alt,itll(l(l
(oll(~s])oli(lill~,” {() tile (:())l(l(:llsati()li tel]l])oatlll(’  o f  tl](, l(:vcwil)l(’ fluid. ‘1’lIc ])(?I iod of this
(w(ill:ltoly  lwliaviol i s  colltlmlld  lry tllc tllmtlal ]ags ass(wiak(l  It’itlll tll(’ limit II allsfc] into
all(l ollt of t!ll(’ l)allooll’s II(!:lt!- cx(’llallp, cl’ , aIId is of tllc OI(lw of a (wu])I(! of IIOUIS for ty])ica]
s}~st,(~]]ls. As aIl (mIII]k. a Vc:]Ius  a~lol~ot  lltili7$ilif, M(:tllyl(’11(’  ~;llloli(l(’.  as tlIc wvmsil)lc fluid
\\’olll(l  lIav(’ a colt dmlsatli(nl altitll(lc  of 56 lill  I al )(nw tlI(’ sulfa(w  Jvit]l os(:illat oly Cx(umioll of
a  f(w l{iloltl(:t(:m  almlt this altitu(](:.

‘J’wo II I(HIIS of  a l t i tude  colltm] alc ]mssildc fol tllc mvcmil)l(!  fluid IIlol)ility systclll.
‘J’llc first is 0<$C7’ll(ItiO71  W(17mfo7711  5’lI(Ij)i71g  t]lal  alt(w tll(, oscillato]j~  ldlavi(w  of ilI(I Systelrl
ly (llallp,i)l~, tllc tiltl(’ colkstallts  associatd  w i t h  r(’~wsil)l(’ fluid coll(l(:l~s;~tioll” slid cva]ma
tioll. ‘J’llis (:aII IN adli(wd lry lmltial  aII(l/01 iltt(’llltittcllt  (:losill~, o f  llcat-cxdlall~,cl  valv(:s
(lurill~, tllc col)clclls:itiol l/clcs(:cllt”  ])1 Iase of tll(’ a(ml)ot’s  sil)llsoida] IIlotioll wsulti]lg ill tll(’
(mill; ~t,i(}lls lwwlllilkg (1(:(1]  )Cl alId/ol (Iifl”(mnlt  “]vtl~rcl(’li  p,tll”. ‘J’l Ic smjIId  is l~(:L9(:(:711/}107)(:;~
C~0711701  Wlicl.cl)y a dcs(x:lldillg amol)ot’s vcrtica] S])(I(O(I is slow’c(l clowlI to ~)(:]lllit tlI(: a(IIol )01
to II(n’o at a dcsiml altfit)u(lc ovu tllc sulfa(:(! (w to ]mlliit soft  lall(lillg 011 tflIe suIPdcc. Sillc(~
tl](’ v(nl)jcal  IIlol)ilitly (:o IItml is (nlc-sidd, ill t}latj oIIly t)I(\ late of d(:scolt  (:aII lm S1OWNI by al
l(m’il)p,  solIlc ad(litliollal  (])wvious]y  tla])])c(l)  fluid to wa])(wat(l,  (wltml  IIldl)o(ls  l(!qllir(: that
tll(’ systotl  i n i t i a l l y  ])laII to uII(lm -sIIoOI tll(’ (l(ximl altitu(lc  (O I  taI~)d ) aIId ])lo{:l(’ssi~’cl}”
sl(ht~ t,]l(t rat,c of dww(~llt  to a(lli(lv(:  t,ll(’ t,arg,(:t,w]  altitu(lc  or vclt,ical lalldili~,- v(:lo(:itj~.

li171d771g  Co71t701  would also require usc of oII-lmIrd II Iodds fo~ vcrtic.al wind ])rofi]cs
and lateral  wi]]d vcdors. ScIIsoI fdl)ack usi)l~, ] )Imsllw- l)asul, las(I] 0] rada]  alti]nctryl
top,ctllcl wit]l tarp,etl- dative latmal sc]lsi]][: would lx: usd to s t e e r  tllc acmbot  fo] la]ldi]lp,
ill close ])mxi]nity to dwi$,]]atcd tjar.gets.



2 . 2  On-board l’ath ]’rdidion alId }’lan]ling

AII a(!IolK)t’s  ]wtJI tJIIouglI  tlIc atIIIOS])lICIC is IIo{}i a fu)lctio]l  of its vmtical lllotio~) as w:]] as
tlIc IIlotlioli tljmu~ll lateral  wi]lds. 1 ‘Iallctary  scale wiIId ]Ilotio]l  ca]I IN ]mdjctcd usi]l~, ]daII-
ctary wi]ld cjrculatiol]  IIIodcls SUCII  m tl]c (;uIeIal (Iwulatiolj  M o d e ]  for h4aIs (MamGCh4  )
[b] aIId si]))ilar cmdm IIlodds for VCI)US. ‘J1lImC  II Iodcls aw cxcwisd  OII sll])(!l-(oll]])lltels
alId ] )Iovide tfl IC p,lobal lt’ill(l-l~(!clols  for aIIy ]miIlt ill tlI(I {+-(lil)lcllsioll:il  atllllos])llm’c  of tllc
] )lal Ict. 1 ‘aral])dlic,  olI- board willd-ll]od(’ls suital)lc  fm ma]- till)c lIsc wjtll ] )mdictioll fidditly
ow] a fret’ d a y s  of o]w.lal,iol)  could IW used for oII-lmaId wjlld- IIIodcl ])mlictiml  i]) su])]mrtl
of autolloll)ous ])la)llling fullctlimls. ‘1’lIcse ])lallllillf, fuljctiolls  illdu(lc  tj]losc assmiatd wit])
lal](lil]~: as wdl [Is t)losc i]wolvi]l{: ])l:]]l(:t:l]j’-scalc ]):itl]-])la]l]]i]]~,.

lKf71di71{I 17/itiatio?/ l’kI?171i71jI  would lw used to scquoiw tlIc valve C1 O S U I W S  at ])wcisr
])oilltls 011 tjl]c (:()] lcl(:]ls:itli()]l  cy(:lc to tra]) sufli(:imlt  fluid lca(li]l?,  to a lift (Idicit  tr]]at will t?lli[’
tll(’ a(’l”ol)of to tll(! Slll”fac(!, 011- L(MIC1  G’l[JhfIl W1lId-h40dcl  l~o.~d 1 ‘01}/  IJla?t?li?tg  uwul(] 11S(’
oll-l)oal(l  III(Id(IlS o f  winds aIId vclt,ical ]]]ol)ility to cx])loit difl’cw]]t  u’illd s])ccd and v(x:tlol$;
a t  {Iifl”crr]lt altitlldcs  to mu-fly sdwtd I(I:,io  IIs, a(llicvr  a  dcsjr~~(l }Jl:illctaly  locatio]) fo]
lalldill~,,  m ])ofo]lt)  global ]I]a]l(wvm  sucl I as ll(:]t]is])l)c]c cl IaIIp,cs 01 latitude  shifts.

We lImv d i s c u s s  variol]s allt,ol]olllous ])mm])tioll  Collce])t,s t<llat cIIal )1(I aII acmbot  syst,t~lt]  to
]xnfoIIII  011- l)oaId  localization of tllc lMIIOOII witl]l lcs]wct  to a ])lallct, (i .(:. W}IWI is it ?),
(Istil]latc lmlloolI IIolizollta]  aIId vcrtica] lliotiol~ (i.e. WIINC is it f,oillp, ‘ii), a,,d dctm))i,lc t],c
lMlloolI gol Idola Rtjtlitjudc (i.(:. M’lIat  is it loo}iill~,  ” a t ? ) .  ‘1’lt(w ca])al)ilitics  ill tunl su])lmIt
p,]olml lmtl) ])dicticnl aIId ])lal)lli]ip,, cl(lsccI)t/l:illclill$, o])mitio]ls, aIId  scicllcc  illstmll]cllt
]millti]lf,.

‘lb aclli(!vc this r(!quiws a (:()]tll)i]]:iti()]l  of i]l(irtial, i]llap,c, cclcstia],  lalIg I,c aII(l ]adio
]tl(!tri( sc]lsi]l~,. As will l)(XOIIIC  cl(!ar ill tlIc discussio]l t]]at  follows, tllww smIsoIs (lifl”o wit,})
]cp,a]d to tllcil use OII VclIlls alId Ma Is, alId ale. also l)ot a])})lical)lc  al] o f  tllc till]{, wmt OII
tllc Salll(’ ])lallct.

IIlmtial scllsillF, allows aII acl.c)l.)otl to dctlmllillc  01 l) IO]mgatl C its stlatc wit,llout, Iwfclwicc
to :111~  (!XtC1’Jla] S(’llSillF, S0111”(”(!S. l{at(:  fymsco])(:s  ])rovjde il~forlllatioll OII aII~,lllal  vclocit,y
all(l allow’  t!ll(’ a(!l’olmt to ])l”O])a F>ak t!ll(! a t t i t u d e  of tli(! a(!l’ol)ot!,” A(:ccl(’Ic)IIIc  tcIs ] )mvjdc
i]) for]l]atlio]i”  olI tlru(> s])atial ac(:clcratjio]ls  as w]] as local gravi]tlctric  i]lforlllatio]l” l)y r(:acti]l  F,
to tlI(: dircctio]) o f  tl]c local :,mvjtly fidd i .0. tllc vertical.  IIiclillolrl(’t)(:ls  ])mvidc tllc sal IIc
ilkfoll}~atiol) as z~c(:c~lclc)lI1c’tc’ls  lmi at 10wCI  lml]dwidt 11s.
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‘1111(1  cmlll)illatiol) d tl~(: il](~ltia] s(’l IsoI data q)I(:s(iIIts a II(ITI’ wtil] latiol] Iq,il]lc tlIal

is (]if]”(W’])t,  f)”olll  S])a C(!Cl”aft 01’ I“OV(!I’S. lJ]llili(’ a s]mc(’(:1’aft t]I(I a(:w])ot is IIOt ill f] ’u’-f a]], 1101
l i k e  IIIC ImKII is il ill a quasi-st)ati( ‘{](:sl” C(luilil}liulll. lIIstca(l tlI(I awo}mt  i s  a l)latfonll
wit]l ]xu Idulul II IJ]otli(nl Illat (:olt]l)il)(’s  aslmts of fro-fall as W C]] as “I ml” ]Ilotioll. ‘1’11(’

:I(:(cl(\IOIIIc t(:Is s(!IIs(! a (:Oltll)ill:~tjiOl)” of tlIc f,l;ll’ili](’tlj(: V(IItliCal tog(!tlier  witlI  t)l IC ]1011  floe-  fa]l

l~(mliolls of (lIC spatial accclcratioll, ‘1’llis calI I)c quite IIol)-illllliti}’c, wit]] for cxa II I])lc, aIt
:IC(CICIIOIIIc  l)(\I lo(:atd (m tl~(’ “lx)})” of a  fix(d ])jvol ]xIII(lulu III IIOt se]lsi]]!, llIc Ia]]g,c])tial
acdm atjiwl of tlI(I ‘(lml)’)  sil I(xI t]lat  is a fl(!c-f al] ll}otio~l.

‘1’IIc oll-lmad autollolt]ous Stlatc c.stilllatol. IIas t w o  IO](IS  wjtll q,ald to tlI(I i]lcrtial
SCIISOIs.  l;i]xt, it IIJusl br al)lc to ]m)l’idc a t t i t u d e  il]fo]l[latio]l so tlIat  cclcstial  f i x e s  alI(l

{I,loll]l(l-illl:lp,illg  li]lcof-si~,llts  CaII lKI dctm]lli]]cd. II(IIC it IIIUSt usc tlIQ ]latural (:o]lstrai]lts
of  tlI(I ]WII(IUIIIIII  ac]olwt  ]I[otiml to ])] cvc IIt ill(’vit)al)l(’  late-  gyI() ra]i(lol]l- wall; b iases  fml[i
(:ausillf, tlIC attitud(’  c(waI  iallce to grow lIIIIK)UII(IW1. ‘J’llis rcquims a] I i])tldlif,cn]t filtcrill~,
of tlIc I tiC((:lCIOIII(Itj(!I readings to Il]ailltjai]l aII csti]t]atc  of tlIc 1011 :,- t(mIl vcrti(d attitud(’  01
tllc us(> of auxiliary s(!IIsoI illfollllatioll  sud I as sul I (~lcvati(nl m ll(njzo~l  s(nlsillg to Jmvj(le  a
fixul  ]milIl of wf(wl~(:c. Sc(xm(l, tlI(’ mtilnatol IIIUSt a lso  ]m]m~,at,c t]lc ovmall ]m+itioll  o f
tllc a(:mlmt). ‘J’llis IIas 10 he ]x!rforl[](!cl  l)y (Ixtra(:tillp,  fmlll tll(: a(’c(tl(:l(~ll-l(:tc] ImdiII~, s, tllos(’
(0111]  mII(v  Its tllatl aIc duc to ilidia] :icc.(:lclt~tliol~s all(l i~)li(nil~g tll(m due tc) oliclltlatliml
(l(*])(III(lo  If p,]avi]l~ctric a])d cmltli]wtal cflcds.

lkm \7C!lIUS acmbots,  tl]c a b i l i t y  to ])m]m~,at( tllc ]msitiml stat(’ is lnost illl]mrtallt
sill(’(~ tllm(’ wjll IN ])crjods wlIcw tllc acmlml  i s  (: fl(:ctiv(:ly Mind wjtl] lv~al(l to s(wilig tJI(’
Sill’fac(’ (C. p>. dulillp,  dayli~,llt at float altlitu(](!s almv(!  a f(!w tclis of liil O)ll(’t(!l’S).  1 lowmw, 011
Mars tll(: attitude  estlilllatio~)  of tllc tilt alI:,l(I willI r(:s])cct  to tll(’ vertical  is IIIOlC i]l)])oltal]t
sill(x) t,]}(w) attitude  CIIOIX djm(:tly fcd illt,() Cljols  o f  t,]](: Cdest,ial]y  d(~rivc(l f,loba] ])osjt,jolls
as dis(xlsscd ill S(xticnl 3.3.

3 .2  Grouncl i m a g i n g

‘J’lI(w mlatiw lllot,iol) Mi)nat(w  calI a l so  ~w u t i l i z e d  to o})taill  aII Miltlatc of tl}IC
av(va~)c gmul)d-tlach  vclocitjy of tjllc acwbot. ‘J]llis illfollrlatiol]  CaII t)c USC(I a s  aII wtill]atc
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Silllilal’ly, azilllll  t!ll-all~,l(’  s(’llsill~> COllstl’sills 111(!  attitlu(l(’ 1’011 (al)ollt tll(’ l)allooll Vcl’-
ti(al a x i s )  alI(l  a l l o w s  tl](’ amobot  to fill(l W 11(’ lI(mtlI”. ‘1’lliS  Iillo\\’lC(l$,(t  CElll 1 ) ( ’  llS(!d to
1 JI()]mp,at(’  tlI(, ]jositlioll:il”  stat(’ l)y illi(gpatillp, v(’locity illforli latioll d(’riv(d fmlll otllu s(nls-
i]l~, sud I as p,wulI(l ilnap)(’ ])mc(wsillg  OI ill(’ltial s(’IIsoIs. lilIowld{:c of t411(I ml] al Ip,lc is also
wwful to sul)l)()]tl ol)liquc scic]lcc ill}a~,il}~, t(nv?il’(ls ii talgct.

Cdcstial  scllsillg ill tllI(I fomI of IIolixoll s(vlsillp, usill{: aII il]ln~,ill~, OI otllm ])llc)tolll(:tli~.”
(lct(wtol CaJI a l s o  1)(I llsed to (Jstiltl:lt(’  t II(’ a(m)lmt tilt.  1 l(w(’I’(11, Illis II I(ItlI(Kl woll]d IIot 1)~:
;I])]di(:al)lc  to Vcl Ius lxmusc of t)llc clouds, alId would 1)(I (wl[l])li(:atd  olI h4t\Is  hccausc  of t)l IV
]) I(Y+(III(:(I of ]t]ou]ltai]]  ri(l~,c li]l(w tiloIIg tlIc liorin)]].

A  CIU(ICI but, sil)l])lcr form of  SUII s(:llsi~lp, is to IIlmlit(n tllc illtc]lsity  of tlIc SUII to
(l(’tl(wt  tlI(I t(mlii)iatol  (:mssill~,. 011- lmald lIIo(l(ls fol tllc d:iy/lli:,ll{ il)t(:llsity valiatiml  as a
flll)(:tioll o f  tllc tml]illatlol  (:mssillp,  ]mt]l :111(1 atlllos])ll(ri(  l(:fra(livc o])tics calI 1  )(I uw(l to
co]lslr;li]]  tll(’ a(m)l)ot’s  ]msiti(n)  alI(l tlajwt(nj’  nlI{:l(’
tilt)(~ of tlIc m)ssill~,.

‘1’IIc SUII IIIay IN S(IIISC(l (crudely) 011  V(IIIIlS ill
111(1  sul I azilllutll alI(l d(watlio)l (:al I ]w (:asily s(:l Is(d
as s] H-1(: (’cl’ aft Sllll-s(!]lsol’s. Si]lcc a h4a]s a(w)l)ot, fli(!s

w’it]l r(’sl)wt to tlI(’ tcr]tli]l;ito] at tli(:

tll(’ l{a(lio  lIII(IqU(IIICy (l{]’). 011 h~am
usillp, staII(la Nl visual d(lcctol.s  su(:ll
at, sufli(:iolt]y  lli~,ll altitu(lm  wil]l I I( )

(IlolI(ls 01 ~:IoulId o(dusiml, ama illt(:f,ratillf, SUII s(IIIs(m IIIay lKL satisf:lctol. y. IImwvm, aI(!:L
lo(:;ilizillp,(  l(’tc(tc)lssll(:ll  :~sil]l:lp,clsl~ritll tlllcsllol(lill p,:ilc])lpfcll(’(1  tol)mvi(lc Iol)ustlllcss 10
lmlloolI/sl;y” olmulatli(nls  alId mflc(:tiolls  o f ] ’  tll( l)allooII”  sllrfa(x’s (wlli(:]l (:0111(1  ill(:ol])ol:it(:”
wfl(x”tiw  tllcll]lo-c)])t)ic coatlillp,s). ‘J’lIc  fi(:ld-of-view of 111(’  s(’l IsoI (:ould I)(J a full ll(~lliis})llu(’
l)llt lli~,ll(:] ac(w]acy solutio]]s  ]lli~,llt I)(I l)ossil)lc  l)y usi)l~, a  Il]()(lc]atc ficl(l-of-vi(w” scllsol
swc(!~)ill:, tllc sky as tll(’ :~clol)ot” 1111(1(’I~,om its ]Intlllal ci]culal 1011  ]Ilotio])  duli])[; its fli~,llt.
l’olil]izat,io]l” s(!l]sil]p, could also lKI USC(1 011 h4:i]s to assist tll(~ d(itvtioll if IIaz(’ is ])mwllt OI
if (Inl}a is ]quird wlIclI tll(’ sul I is just l)(IIOW tll(’ l]orizo]l. ” ‘1’llis could I)c i]rllm]ta]lt duri]l~,
“wi]]t(’r” ]Ilissio]ls wTllc]I tl]c suII i s  ]Ica] tl]c II()]izol)  du]iltp, tl]c (vltirc (lay.

St,;~l/S:~t,(:llitc se]lsi]]p, l)]ovi(lcs si]l]ilar i]] fo]l]latio]]  as  su]I sc]]si]lg liitll tl]c ()]1-l)oald
st, a] (atal o?, USN] to Iwqyliw l)li~,llt StalS i]l tll(’ Sli~. Si]lcc IIiulti])lc staI ]mttw]ls (:alI 1)(:
mop,llind  ill (Iifl’(ml)t ]m]ts of tll(’ sky dulillfl, a  wlatiwly  sl]olt  tillics, t}I(: (:oll(,s})())iclill~,
(wllstmillts C: III 1)( I illt(mwt(d (Iimct]y l)y tll(’ acmlmt to ]Jmvid(J tl)(’ ]msitio]l of tll(~ am)l)ot
()]I tllc ])lal Id 10 IIigll a(:(wraci(w. As 1)(’few, [I IIIOIV ]ill)it(!d fid(]-of-l’i  (m’ staI” SNIS(W CaII k!
lls(d u’it,]l 1[11’$$’  sky (OVcl:l~, (” a(:lli(we(l  I)y ut)iliy,i]lg, tl}c lliltlll”~l ]oll-]]lotio]l o f  t,ll(’ a(’lol){)t  to
S\i’(’(’]) t)ll(’ S(’11S01” ii C1’OSS tll(’ Sli}’.

Stars  ar(I ]]ot, visil)lc at \~(IIIIIS aII(l arc OIIly visil)l(~ a t  ]Ii{:llt,ti]llc 0 1 1  h4am. II OW(IV(:I,
I’lIOI)(W will 1)(I visil)l(,  011 hfars (Iu]i]lp, tll(’ (l:~y a s  it lis(’s [III(1 s e t s  twri(c i]l a  (lay i]l its
(Equatorial orl)ii ])mvi(ld it is IIot ill tll(’ :,1:11(’ of tl)c SUII OI ill slIa(low. A (’0]11111011  S(!IISOI’ Call
1)(, us(x] I()(l(:twl  lmt]i  l’lIolm  aII(l stars ])mvi(lcd i t  IIas sufli(:iclit  (Iyllalllic IaIIgc.  llmwnw,,
tlivwst (Iifl’cmlc(:  lWtWCCII  tllcsuII aII(l stal/l) )lol)osiIl t(:llsiti(:s,”  aIId tllc(liflk:lell(:(,s  ill fid(l-
of-vi(w II(ds, ]) IXWIII(l(I tile US(I  o f  a  sillp,l(’ (I(:twtor for a]l h4am awolmt rclatd (:clcstia]
s(’llsill~,.
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‘1’lIus to sul]]lIlaliz(:, Vmtus ccl(wtia]  a])] JI (mcl I(Is woul(] illvolv(: crude (Iaytilllc 1/1” SUII
fixes alI(l twlI]ilIat(n  (wssil]p, for cm(lc  olI-lmaNl  )msitioll (1(’t,(’lItlil):~ti(lll  alI(l (Iimcliolj s(lIIs-
illg. Ulllili(’ tl)c c a s e  ()]I V(’lms, (el(:sti:il s(’llsill{; OII Mam ])mvi(lm tll(, acmlmt  Jt’ill) tjlI(’
(J])]mltullity to ol)tail~ a (:(nltil]u(ms  p,loba]  ])ositioll (!stilllat(’  witl]out IIavill{: to illt(j~,lal(’  a
vclo(ity  01 do collI])lcx  lIIa]) (:[)llcl:~l,iolls. ()]I Maw SUII/l)}IOl)(M would I)(I us(d ]]] (Iaytiltlo
wit<ll  II Io(l(Ilatc a(mI’acy,  aIi(l l)i~,ll-])lccisioll l(wali~jati(nl  UWII1(I })(I ]msil)lc at lli$,llttiJllc  usil)[:
ll]ultil}l(’ star fixc.s.

3.4 l{angc Smsing

l{aIIp,( s(]lsi]l~, to tllc sulfti(c  is m]uil  d fIOIII  II)ol)ility (:ollsicl(l:~tiol)s” ((1.~,, altitu(lc  lIol(l/lIovcI),
saf(’t)y (Illlillp, lalldillf: 01 ov(!l-fl}~il)~, ](nv-terlaill ((:. p,. e]r I(:JII,eIIcy Iml]ast (110])  s), alI(l illtw]]lct-
il)$, il]la[~(’ s(:alc. 011 VcIIus, ])I&suIc  lmo]llctry i s  ft’:~sil)lc, u’it]k actiw sulsillp, (c,~,. ]adar)
oIIly IIc(d(d  fol t(:rlt)illal lal)dill~,. Alti]]](iry  is ]]ot a saf(’ty (]iti(:al  fuli(tioll  si]l(c’ II(H]IIal float,
a l t i t udes  aw Ivell alm’(’  sulfa(x) fcatul(+.  1 low(wm,  OII Ma Is, I )rcssuw  altilllctly  is ill f(wsildc
du(’ 10 tli(’ tll)il~ atll](m])llclc  aII(l adil’(’ scllsillg ((:. ?,. las(!l altillletlry)  is IIw(lc(l at all tlil]l(x.
Altilllctly is (Mti(’al ill awi(lillp, ( v i a  lmllasti]l{;)’  IIip,l]- tc]rail]  fw[turw  at, ;i])])IoxiIII/It(Ily  tlI(I
stilIIc llci~,llt as  ty])ical  acrolmt  float, altitu(les.

1 lolv(w’1,  rallp,(’ illfollllatlioll to tlI(I surface also ])wvidcs aIt o])lmrl unity to ol)taill 1x)-
sitiolltll illforlJ]atioll of  tljc a(>lol)ot writ]] rcs])c(’t  to {11(1 telraill. ‘1 ‘Ilis would illwdvc ll]at(:llill~:
1 II(I 11( ’i~,lll ])rofile with aII oII-l KmI(l tcrraill  (latalmc ill a II IaIIII(n silllilal  to tl}atl us(d 011 sl~il)s
wit]] soIIa I (]ata ] )(’folc t])c a(]v(!IIl of (;1 ‘S SJ’SICIIIS [ ( 3 ] .  \3711(’11 tJIc  ~llotic)~i  of tllc acIolK)t  is
])(’]j)(~]l(li(l]l:i]  10 tllc co]ttour  lil]cs, IIigl]cr l)rccisio]] is ])ossil)lc t,llali wlIc]l  tlic ~,l’ollll(l-tl’~  l(:li is
] mlall(Il to a colttoul’  lillc. ‘1’llc li(!Jr to this 111( ’tl)o(l  Ii(’s ill tllc al)i]ity to illcol]mmtc  low-l IIass,
](nv ])()\\r(I1/(IIIcl:,J~  lallgillf,  s(:IIsoIs.

A  (:rudm l:](liolll(tli( :i])]JIoa(lI  is to lIs(J sigyia]  ac(]uisiti(nl/l(xs lilllcs  to colr(wt  alI(l
(Iol)strail)  tltc aorolmt’s ]msitioll. \1711il(~tllisl  ll:\yl) (' f(:lsil)l (Jf()l\~( :lllls:lc l()l)()ts:ltll i[:ll float
altitu(lrs,  i t  i s  lIIor(I ])rol)lclllati(  fol Mars amolmts lwcausc o f  tc)])()~,]t]])lli(  cflccts  ()]I tllc
si[yl:ll  :l(cjllisitioI1/loss,”

Ir(Ily l,olIg IIas(]ill(’  IIltc:lfcrolllrtry  (V],]]]) (aII I)(I 11s[:(1  to localixc tlI(I acrol)ot usill~,
tll(’ I)(’C]) S]):i(’(’ N(!tJ!’01’li (I)SN) stations 01] ltal’tll. II OW(W(’1”, t]]is t(dllliqu(’  is Ilot, wal-tilllc
alI(l lIas lilllited a])])li(:atioll fol autol~olllous acl(]l.)ot ()]x:l’ati()lls.



3.6 l’lanctj Spcxific S e n s i n g  St)ratlcgic:s

\41(: II(m I)ri(:fly outliII(I lmsiblc SCIISOI olmatioIIs  f’01 amolml Stldk mtill]atiol) 011 V(:IIus aII(l
h4 al”s. <

3.6.1 Vcllus Sc!l’lsing strategy

A  ty])icfil  S(!IIS(N o])(:IatioIIs  stratcp,y  fo] V(VIIIS a(mlds w o u l d  illvolvc t)ll(’ ])l’CSSIII’C-I.)  :lS(!(l
vclti(:a] II)otlioll cstjiljlatm  lwi]]~, ()]I all  tllc till](’. 1 lulillp, tlIC (lay, illcltial  ])] o]q,atiml of tll~:
auolmt ]msitjim) would I)(I tjllc ])1’i]tlary  II I(d(I o f  o]matiol)  will] S(HIIC assislallcc  fmlll crudr
I{]J  SUII (’lc\~21tioll/aziltllltll  s(~llsill~,. Altitude  ])mfilc l])atdli~l~;  IIIay  a l s o  1)(I ]mssildc usi]l{~
Iada I alt)il[l(:tl(v data.

A s  tllc acrol)ot  (li])s low into atl]l(w]dl(w ,  aIId tlI(’ gmuIId lmolIIcs visil)lc, velocity
(!stililatliol] i s  u]datwl  l.md olI fralllc-to fralll(’  illlap,ill~,. GmulI(l track v(:lo(:itjy estjilllatlm
aIC r(:fill(xl as tlllc a(:mlmt ]mscs to tll(’ lovwst (Iw(wlt ])oillt. As tll(’ aoolmt l.q,i~]s to clilnl)
II}nvaIds,  grmll)d  iIllagcry 10s(!s quality aIId tll]e acrol)ot  switdl(:s to h II IOlC illcltial ]Ilca])s of
(Ict(mllillillp, latlma] ]msiti(n).

‘ 1  ‘lI(J il)(witlabl(: C(walialicc I)uil(lu]) m+ultillg fwll) illmtial  ])m])a~,atioll  i s  comctd
wit]l ])(’ri(di(:  oll)itcl 1 )o])])lm I)cacoll fix(w, 01 hy IIotillg tmllillfitor CI ossil)p)s. At tllcsc
ltIor(I (lis(mlc sc)lsillg cvcllts, (mor c(nwliall(x:s ar(: IIIaI kc(l (l(m’11  all(l estilllatiol)  filt(m  aw
lx- illilialinxl. 1  ‘wvious s(!llsol data cal I I)( filtcd “l)iiCli\\Jill’[ lS” to Coll(!(:t/1(’fille  cal-licr
])(witlioll  (Istilllatcs of locfitlicn}s visitd lry tlllc balloolI.

At ]Iip,llt 011 VcIIus, il)lap,ilig at lli~,]l altitudes is USC(1 fol fm~llc-to-  fralltc Il]ot,i(nl csti-
II)ati(nl, alI(l illlaf,(: c(mc:latioll to II IaI)S ])1 ovi(l(!s ~,lolml ]msi{ioll  illfolltlatioli.

Attitude  illforl]lati(nl is ol.)tailld  lwil]lalily IIImup,lI  CIU(IC SUII s(:~lsi)lg, ill(!l
])w]mgatli(nl,  aII(l glol)a] cmclatiml of il]lag(! data to II IaI)S.

3.6.2 M am  %msin.g S t r a t e g y

1+’01 i14 ars tllc ])r(’fcrm(l  IIictllo(l would 1)(I (dwtia], w i t h  i]le]tial  scIIsom usd 1)1 i]llalily  for
tilt (Jstlilllatioll.  lhlrillg (layti)llc, oll-lmad  ]mitiwl  illfonllatiol)  would l)c obtailld fm!l suc-
(wssivc SUII d(watiou lllcl:~slll(:lll(lllts (!vuy f(w IIlillutcs, aIId su(wssivc  1 ‘lIol)(xs lll(:tislllclIlcllts
(Iu]illp, ]mio(ls WII(!II l)llolms is visilde.

As with VcIIus,  orl)itcr bcaco~l 1 k])]dm  ] )Iofilcs would r(:fill(t t}lc mlmtial]y  obtailld
])(witioll (~stiltlat,(:s. llIIap,(! f]alll(-lo  fralll(  IIlotioll (I(:t(:llllill:itioll (wwy fmv IIlilluics would
~,ivc lligll.-:i(:(:lllacJ~ kIIowlcdgI,c  of F, IoulI(l - track vclo(:itics. 1 ,aIl(llllaIk  dcviatlioll  frolIl (x]mtd
locations” could I)(I usd ill tllc close vicinity of tflIe tar~,(:t to ol)taill tll(~ tfil:,(:t-lc~l:  ~tjiv(: ])ositJioIl.
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F’ip,urc 1: AutoIlolrlous  State l’kt,ill]atm

during “Mind” ])eliocls  of acmbot  II]ot,iol] will be qua]ltific(l  as a fullctio~l of ,gyIo hiss drifts.
(Ill-board  sliort-tmn atltitudc ]mxlictlioll  w i l l  k used by tile  fpuIId  iIrlagillg  systeIIl  t o
su])])oIt,  successive  fra]nc-to-fra]ne  i]l]a~,i~lg  lmsc(l  ]rlotiml clc:tc]lI]i  ]l:~tic)]l. 1 ‘mfcmnancw  of th(~
vc!rtical  at t i tude est imation wil l  k qualltific(l  ill the ltil)olatory  using ilnagillp,  of fiducial
targets II)oulltccl  olI the test platfolIIl,  as well as ])ost-flight analysis of mturIld IIavigatio][
il]la?,cs.

‘1’he i]litial  effort ill iInagiIlg,  lmsccl  ]Iavi:,atioll  focuses  OII t,lIe cleterlllillat,io]i  of tllc
avma?,c  velocity of the ground-track  IIlotioll of tllc acxobot. ‘J’llc tcchlliquc  is a])])licabl(!
to l)otll Mam amobots  during tllc claytimc as wdl as \~cIIus a.cmbots at high altitudes at
IIig$t, or low altitudes clurillg  the (layti~nc.  ‘J’l Ic csti]nattor dcvdo~)Inm}t  iltitially  assulnes a
IloII1illal  ‘(flat” Inodc] of the tcnaill altd IlolIliIlal cstilnatcs  of altituclc  ovcl the tcmain.  ‘1’hc
illl])lc~I~[!Iltaiic)ll utilizes a Gauss- Ncwtoll alp,c)ritllln to SOIVC a least-sc]uams II]otioll ~)ara]nd,cr
Cstilllatioll ]noblmn. ‘1’hc following stq)s am ]m forlliccl  as ])altf of t}lc Cstimatio]l  al?,oritlllll:
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Acquire  256 x 2 5 6  ‘340(1(:1’”  IIIlaF,e;  ‘J’i]I-]c/Attit~ l(lc/Altit~]clc stalnp  ilnag,e; l{cctify i~n-
agc; GaussiaI1/I ,al)laciall ]yalnid })Ic)ccss wit]] fast sqmlablc kcIIIcls; Slnc)otll 1 ,a])lacia)l-
of-(~aussiaI)  ilnag,c to reduce local IniIiiIna dk:ctls.

Sc!t tilnm tc) acquire SCCOII(l  i]llagc t)asc(l OII IIolllil]al  s])m(l a~ld (Iesid ]mcclltagc
ovmla]).

Acquire SCCOII(l “])ata”  iIIlagc allcl ])mcess silllilally.

War]) N40(IcI llnq,c b a s a l  OII delta quatm IIioll, arl(l clcvatioll  cliallgc.
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4.1

%t initial  t,]allslatli(nl  (:stjilnate to ]lo]l]i]lal  value  (c.:,. Ims(’(1 ()]I  Iyj]l(l  ]IIodel or ] )Icvious
(’s1 illlal(’ m)

1 k’~,i]] (Jauss-  N(IW(IOII ltjmatiolls OII low-I(:s sIII()()tlI(I(l iI}]agcs.

-  ‘J’IaIIslak  waqd h40dd il)]agc lmsd OII IIoll]illal iral]slatiol].

Ck)ln])utc IIcssial] and 1 {csidua] ill ov(xla]) )cgiol) of ]Jdict(d II I(dcl aIId d a t a
ilnagc.

-  l{;stilnatlr iIlcmncIlt)al trallslalioll  l)]otiol]  aItd II]datlC  ov(!Iall tjmlslatiol]  Cstlil]lal(’

- F;xit it(ntimls if collvclgil)~, i.e. mi(]uals arc sIIIall.

1 ‘crfollII o])tiol)al,  siIIl])l(! 1 -])ixcl ui(lr com:latiol)  “011 lIi~,l Icl
Ilallslatioll  (xtil]]at(:.

Scmsor Set

m(dutiml  ill]ap,c for fiIlal

‘III(I  illmtlial  smlsor  suite cwlsists d 3 Systrml-1  k)lll]m. - Mode] (.JI{SI I rate ~,yros wjt 1] Ilolnilla]
l’allp,(’ of 50 (k!g/s(!c, l.)ias of 0.5 (leg/s(:c, aII(l slimt  tcrll) (1 ()() S(JC) drift of 0.()()2 dcg/sc(.
l’mw  (olls(llll])tioll” is ().8 wait  II)ax (Iac]t aIId tllc IIIaSS is 60 F, caclt. A 3-Axis :icc(~l(:loli](!t(!l
])ii(litl~,(’ is fmlll SullllIlitf II)st)mlllcllts  - M(dc]  3 4 1 0 3 ,  wit]]  alI o]mratillx IaIIgc of  ~1 ?,bg
ralIf:(I,  Iml](lwidt]l  o f  46 117,, aligIllIJ(:I)t  o f  :1 0.15 dcg, alI(l Iloltlil]cality  o f  ().2%17,5’. l’(n~’cr
(’ollslllll])tioll” is 125 lll\3T qui(:scmlt ,, al]d tll~ total  IIIaSS is 20 ~,,

Allll)imlt ]JI(:SSUIC s(:~]siIlg for alti~ll(:try aII(l lmll(mII  systcll) ])clfc)]lll;~llc(~ cvaluatiol] i s
])lm’idc(l l)y aII All{ IIjt,clliscqlsol 11, u’it,]l a raII~,(’  frolll () to ] 5 ]’S]A.  Ac(:uIacy is 4 ().()8(~1’S’
wit,}l l(:solut,ioll”  of (). ()()() I J ‘SIA. ] ‘OIVCI (Iissi]mt,ioll is {M lIIYV aIIc] t,IIc IJiass  i s  ‘2M g .  A
])lo])cll(!l-t~~])(l  ~’(:rt,ical wi]ld-s])cc!d S(:IISOI  i s  fro]li 1{ .hfl.  }’oIIII~, Ck)III])a  IIy  -  Mod(Il  271 0 6 )
col]ll)illc(] with a ‘1’ticl)olil(~t(:l  fro])) Microh40  - ‘J’y]w 1616’J1001” G9.

l]llagi~lg, calllcras  ale stmldard 1/3 ill(:)] (Xl) syst,mi)s  fm~l) Sll])(:]cil(:llit,s  - hflicrovi(lm
C~aIII(:Ia hlodc] I ’C-14XS.  ‘1’lIc: sc:]lsitivit,y  is 0.2 IUX wit]l a ms(dutio]l  of 380 li]lcs. ‘1’lic fi(:l(l-
of- Vi(w’ is 86 dcp,rms lvit,ll  a 3.(illl Ill lcl~s. 1 ‘mm (ol]slll])])ti(~ll is 1.92 watts cacll aItd t)le
lII:Iss is 11 g. 011(1 illlagillg calIIcla  is IIiouIItd  fol :Il(}ul)d illiagil~p,  alI(l tl]e otllm scnws as a
(:1’11(1(’  sIIII-s(IIIsol Cl])ulati]tp, lm+sil)lc VcIIus 1{1” SIIII s(,llsil]:,.

(;lou]Id  tlrut]i olI a t t i t u d e  i s  ol)tai]]cd  ly a l“lllxp,atc hfl:ip,llctc)]l]c:t(~] fmltl A])l)licd
l’ll~wi(x SJwt(~IIIs -  h40dd AI’SW3. ‘J’11(1 I(x]m IIs(I I:iIIf\(I i s  4 1 6’((7/ss, wjtll dilcdiollal
ac(wI’acy  lmtjtcr  tjl]all (). 1 dcgIwc. 1’OWCI collsulll])tiolt”  is 200” IIIW aIId IIIaSS is 18 g. (JIOuIId
tnltl) OII ]msitio~i  is ol)tail)c(]  lry ]I]calls of a G1’S systclI1.

‘J’II(J 011 - l-mad coIltimllcl  is illl])l(ll]lclit(~(l ()]I a 1 ‘(; I 04 lms, llItcl 486 SXI  C ])mccxsor
top,ctl]w  wit]] aux i l i a r y  da ta  i]ltmface  cards. ‘J1lIC 0] wratji])~,  systotl

(11 {ivm. A rd-ti~]]c coIItml tool-kit, CoxltmlSli(’11  fmlll I{cal- ‘1’il}l(’
iIIl])lelll(!llt tllc oII-lmlId  data-flow g,lal)lIs aIId fillitfe-state lllacllillcs.
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